SUMMARY
It has recently been reported that an NR1H3 missense variant, R415Q, causes a novel familial form of multiple sclerosis (Wang et al., 2016a ). This claim is at odds with publicly available data from the Exome Aggregation Consortium (ExAC; http://exac.broadinstitute. org). The allele frequency of R415Q is not significantly higher in cases (0.024%-0.049%) than in ExAC population controls (0.031%), whereas if R415Q conferred even 50% lifetime risk of developing MS, it would be hundreds of times more common in cases than in controls. The upper bound of the 95% confidence interval of penetrance for R415Q can be estimated at 2.2% for women and 1.2% for men, indicating that even if this variant is disease associated, individuals harboring the variant would have a lifetime risk of developing MS no higher than a few percent. ExAC data should be considered when evaluating claims of variant pathogenicity. This Matters Arising paper is in response to Wang et al. (2016a) , published in Neuron. See also the related Matters Arising paper by The International Multiple Sclerosis Genetics Consortium (2016) and the response by Wang et al. (2016b) , published in this issue. INTRODUCTION Wang et al. report that an NR1H3 variant, rs61731956 , encoding an R415Q substitution causes a novel familial form of multiple sclerosis (MS) (Wang et al., 2016a) . This claim of pathogenicity rests on imperfect segregation with disease in two pedigrees and is at odds with publicly available data from the Exome Aggregation Consortium (ExAC) .
RESULTS AND DISCUSSION
ExAC is a reference database of genetic variation among 60,706 ancestrally diverse individuals, assembled from multiple international consortia and made publicly available online (http://exac. broadinstitute.org) since October 2014. By providing population allele frequency information, it has enabled reclassification of over 150 reportedly pathogenic variants as benign , has allowed candidate variants to be ruled in or out as potentially disease-causing (Mencacci et al., 2016; Watts et al., 2015; Weren et al., 2015) , has permitted re-evaluation of the interpretability of rare variants in specific disease genes (Walsh et al., 2016) and estimation of the penetrance of individual rare disease variants , and has been used to demonstrate enrichment of pathogenic variants in cases over population controls (Singh et al., 2016) .
As the authors note, the NR1H3 R415Q variant was found in 21 ExAC individuals (ExAC variant 11:47290147 G / A, 2014). These 21 individuals are all of non-Finnish European ancestry, with 66,738 non-Finnish European chromosomes having genotype calls for this variant, for an allele frequency of 0.031% in this population-within the range reported for different European populations by Cotsapas and colleagues (The International Multiple Sclerosis Genetics Consortium, 2016) . While this genetic variant is not common, it is nevertheless too frequent to be causal for a novel familial form of MS.
Enrichment in cases over controls is one important criterion for establishing the causality of sequence variants for genetic disease (MacArthur et al., 2014; Richards et al., 2015) . The authors identified the NR1H3 R415Q variant in one family and subsequently found it in 1 out of 2,053 individuals in an MS case series for an allele frequency of 0.024%, or 0.049% if the proband from the original family is included. The ancestry distribution of this case series is not stated by Wang et al. (2016a) , but the series was collected in Canada and appears to be of predominantly European ancestry (Sadovnick et al., 1998; Traboulsee et al., 2014) , enabling a rough comparison to the ExAC non-Finnish Europeans. Even if two individuals with this variant are included in the case series, the variant is not significantly enriched in cases over ExAC population controls (p = 0.39).
Variants that cause Mendelian disease, even with incomplete penetrance, should be dramatically enriched in cases over controls. A systematic review found best estimates of lifetime risk of MS to be 0.25% for women and 0.14% for men (Alonso and Herná n, 2008) . A 0.25% lifetime risk means that a woman's odds of developing MS are 1:399. Thus, a genetic variant that conferred even 50% lifetime risk (50/50 odds) of developing MS would have an odds ratio of 399. Such a genetic variant would therefore be expected to be enriched to a similar degree-by a few hundred fold-in MS cases compared to controls. Phrased differently, if NR1H3 R415Q has an allele frequency of 0.031% (0.06% of people are heterozygotes) and causes a 50% lifetime risk of MS, then this variant alone would result in 0.03% of the population developing MS. Comparison of this figure to a total of 0.25% of women and 0.14% of men developing MS (Alonso and Herná n, 2008) would imply that NR1H3 R415Q should be found in 12%-21% of all individuals with MS, rather than <0.1% as seen in the reported case series.
ExAC data do not prove that NR1H3 R415Q lacks any association at all to increased MS risk, but they do put limits on the potential penetrance of this variant. The lifetime risk conferred by disease-associated variants can be estimated using case and control allele frequencies plus an estimate of baseline disease risk (Kirov et al., 2014; Minikel et al., 2016) . Assuming 2 alleles in 2,053 cases, and using the lifetime risk figures noted above, the upper bound of the 95% confidence interval of penetrance for R415Q can be estimated at 2.2% for women and 1.2% for men, indicating that even if this variant is disease associated, individuals harboring the variant would have a lifetime risk of developing MS no higher than a few percent.
As with any large-scale resource, there are some caveats that users should consider when leveraging ExAC data for variant interpretation, but none of these preclude the application of ExAC in this instance. Individuals in ExAC are not necessarily disease-free-approximately half were ascertained for adultonset diseases such as type 2 diabetes and schizophreniahowever, none of the ExAC cohorts have been ascertained for MS. 1,675 (2.8%) of individuals in ExAC were ascertained as cases or controls for inflammatory bowel disease (IBD), but the degree of genetic correlation and possible co-morbidity between IBD and MS (Cotsapas et al., 2011; Nielsen et al., 2008; Ramagopalan et al., 2007; Sadovnick et al., 1989) is not sufficient to result in overall enrichment of ExAC for MS cases to any appreciable extent. Despite extensive quality control measures, ExAC still contains some genotyping errors (Rodan et al., 2016) , but we estimate a false discovery rate of <0.2% for single nucleotide variants , and raw read visualizations allow users to personally inspect variant quality, revealing that NR1H3 R415Q genotype calls are indeed of high quality. Finally, many benign variants are very rare, so allele frequency data cannot refute all erroneous claims of pathogenicity, and ExAC is therefore no substitute for the observance of strict statistical thresholds, such as LOD R 3.0 for linkage studies (Lander and Kruglyak, 1995) , which was not met in the segregation analysis reported by Wang et al. (2016a) . Notwithstanding all of these limitations, ExAC provides a valuable resource for human genetics, and for this variant it provides information sufficient to effectively rule out causality for a familial form of MS.
Comparison of large case-control series, sequenced or genotyped using the same technology, and employing appropriate controls for population stratification is the best way to evaluate whether candidate disease-causing variants are enriched in cases. Such datasets do not exist for all diseases, however, nor do all investigators have access to such series where they do exist. ExAC data provide a publicly available resource that anyone can use to evaluate the plausibility of putative Mendelian disease variants, and it is critical that authors and reviewers carefully consider such resources, and perform rigorous and quantitative assessments, when evaluating claims of variant pathogenicity.
The R source code for calculations described here is publicly available at https://github.com/ericminikel/nr1h3.
